The global response of Escherichia coli to the broad-spectrum biocide polyhexamethylene biguanide (PHMB) was investigated using transcriptional profiling. The transcriptional analyses were validated by direct determination of the PHMB-tolerance phenotypes of derivatives of E. coli MG1655 carrying either insertionally inactivated genes and/or plasmids expressing the cognate open reading frames from a heterologous promoter in the corresponding chromosomally inactivated strains. The results showed that a wide range of genes was altered in transcriptional activity and that all of the corresponding knockout strains subsequently challenged with biocide were altered in tolerance. Of particular interest was the induction of the rhs genes and the implication of enzymes involved in the repair/binding of nucleic acids in the generation of tolerance, suggesting a novel dimension in the mechanism of action of PHMB based on its interaction with nucleic acids.
INTRODUCTION
Polyhexamethylene biguanide (PHMB) is a broad-spectrum antibacterial agent that has been widely used for many years as an antiseptic in medicine and the food industry, and its current applications also include impregnation of fabrics to inhibit microbial growth (Cazzaniga et al., 2002; Payne & Kudner, 1996) ; water treatment (Kusnetsov et al., 1997) ; disinfection of a variety of solid surfaces such as contact lenses (Hiti et al., 2002) ; as a mouthwash (Rosin et al., 2001 (Rosin et al., , 2002 ; treatment of hatching eggs to prevent Salmonella infection (Cox et al., 1998 (Cox et al., , 1999 ; and as a treatment against fungi (Messick et al., 1999) and Acanthamoeba (Donoso et al., 2002; Gray et al., 1994; Narasimhan et al., 2002) in infective keratitis. Its preparations are mixtures of polymeric biguanides of structure [-(CH 2 ) 6 .NH.C(=NH).NH.C(= NH).NH-] n where n=2-40, with a mean size of n=11, giving a molecular mass range of approximately 400-8000, with various combinations of amino (-NH 2 ), guanide [-NH.C(=NH).NH 2 ] or cyanoguanide [-NH.C(=NH).
NH.CN] as end-groups.
PHMB is bacteriostatic at low concentrations (typically 1-10 mg l 21 ), but bactericidal at higher concentrations, and inhibition of growth and bactericidal activity both increase with increased polymerization (Broxton et al., 1983; Gilbert et al., 1990a) . The lethal action is considered to involve interaction at the cytoplasmic membrane to cause nonspecific alterations in membrane integrity. The proposed basis for the polymer-size effect is that PHMB interacts with acidic membrane-lipids to cause phase separation and domain formation; larger PHMB molecules produce larger domains and therefore more disruption (Broxton et al., 1984; Ikeda et al., 1984) . This view was refined by Gilbert et al. (1990b) who showed that although the activity increased with increasing length of the polymer, the effect of polymer length was much reduced above n=6. Comparison of whole cells and spheroplasts showed that the cell envelope, while not providing complete protection, provides a significant exclusion barrier. Removal of lipopolysaccharides from the outer envelope markedly increased the activity of highbut not low-molecular-mass fractions. These observations, and the discovery of a strong synergy between low-and high-molecular-mass components in biocidal activity, led Gilbert et al. (1990b) to conclude that the low-activity, lowmolecular-mass components enable larger homologues to gain access to sites of action in the cytoplasmic membrane.
Acanthamoeba castellanii treated with high concentrations of PHMB contained clusters of densely stained precipitates (Khunkitti et al., 1998) . Moreover, PHMB treatment produced increased amounts of phosphorus inside the cells compared with untreated controls, and these accumulations were often confined to cell walls and nuclei (Khunkitti et al., 1999) . Reduced membrane permeability causing retention of phosphorus, coagulation of proteins and aggregation of phospholipids have been considered as possible causes of elevated phosphorus but the possibility of association between PHMB and nucleic acids has not been considered hitherto, despite rapid growth in the literature in the last 20 years (Wallace, 2003) on the interaction of DNA with the natural polyamines, putrescine, spermine and spermidine (for a review, see Cohen, 1998) , and with a variety of other synthetic polycationic compounds that are currently being developed as vehicles for non-viral transfection of DNA into cells for therapeutic purposes (Vijayanathan et al., 2002) .
Recently, we showed that PHMB interacts strongly and cooperatively with nucleic acids in vitro and that the structural status of the nucleic acid affects the nature of its initial interactions with PHMB (Allen et al., 2004) . Here we show that the interaction of PHMB with nucleic acids in vitro has a parallel in vivo, giving a novel facet to the action of PHMB. Using whole-genome transcriptional profiling, we show that the transcriptional rate of a wide range of genes in Escherichia coli strain MG1655 is altered by exposure of cells to PHMB, and that enzymes involved, inter alia, in the metabolism/repair of nucleic acids contribute to the tolerance of E. coli to bacteriostatic concentrations of PHMB. Phenotypic analyses in deletion mutants of strain MG1655 and in complemented deletions were used to confirm the biological significance of the results derived from transcriptional profiling.
METHODS
Bacterial strains and deletion mutants. Strains and plasmids are listed in Tables 1 and 2 . E. coli K-12, strain MG1655 (F 2 , l 2 , rph-1) (Blattner et al., 1997) and its deletion mutants in which the genes aspA, flgJ, hdeA, hns, osmB, recA, rhsE and yebG had been interrupted by insertion of a kanamycin-resistance cassette, were obtained from the University of Wisconsin E. coli Genome Project (www.genome.wisc.edu). In addition, a cpxP-deletion mutant in
Center, Yale University, CT, USA) bearing the pKD4/pKD46 plasmids (Table 1) was created in our laboratory using the method of Datsenko & Wanner (2000) with the forward primer CATGACTTTA CGTTGTTTTA CACCCCCTGA CGCATGTTTG TGTAGGCTGG AGCTGC and reverse primer CTGACGCTGA TGTTCGGTTA AACTTATGCC GTCGAACATA TGAATATCCT CCTTAGTTC. Three PCR screens using locus-specific primers and the respective common test primer were used to verify the presence of both new junction fragments. A fourth PCR was carried out with both flanking locus-specific primers to verify the loss of the parental (non-mutant) fragment and gain of the new mutant fragment. DNA oligonucleotides were purchased from Sigma-Genosys or Gibco-BRL. To allow phenotypic comparison with wild-type MG1655 and the Wisconsin mutants, the cpxP gene deletion was transferred from strain W3110 to strain WG1655 by ultrasonic partial fragmentation of genomic DNA from the mutant strain, electroporation into MG1655 and screening for kanamycin resistance, using standard methods. The resulting MG1655 DcpxP mutant was verified using the PCR reactions described above. Parallel attempts to create knockout mutants in either frmB or ycgW were unsuccessful, consistent with a report that these are essential genes (Gerdes et al., 2003) . PHMB-resistance phenotypes of all deletion mutants were determined by measurement of minimum inhibitory concentration (MIC).
Overexpression plasmids. The Genome Analysis Project Japan (http://ecoli.aist-nara.ac.jp/) provides clones of each ORF predicted from the genome sequence of E. coli W3110 (Mori et al., 2000) . Every ORF has been cloned into a plasmid (known as pCA24N) containing the IPTG-inducible promoter pT5/lac, an N-terminus histidine tag of the target ORF and an in-frame fusion of green fluorescent protein (GFP) at the C-terminus of the target. A cis-coded lacI q is present to allow strict repression of the expression from the pT5/lac promoter (http://ecoli.aist-nara.ac.jp/gb5/Resources/archive/ archive.html). The fusion of GFP to a protein can have adverse effects upon protein folding, stability and function. Therefore, the GFP-encoding portion of the original pCA24N-based expression plasmid was removed using a NotI digest. The overexpression plasmids, previously known as pCA24N-xxxX [The Genome Analysis Project Japan website (http://ecoli.aist-nara.ac.jp/)] with the GFP portion removed, are here referred to as pMJA-xxxX (Table 1) . The plasmids were expressed in E. coli strain MG1655, and PHMBresistance phenotypes were determined by measurement of MIC.
Culturing conditions. Liquid cultures were grown in LB medium at 37 uC with constant shaking at 200 r.p.m. unless stated otherwise. Growth was monitored by measuring optical attenuance at 600 nm (D 600 ) in a Genequant Pro spectrometer (Amersham). For longterm storage, liquid cultures were mixed 1 : 1 (v/v) with sterile glycerol, mixed thoroughly and stored at 280 uC. To minimize PHMB adsorption to glass and thus to ensure reproducibility, all flasks used during bacterial growth experiments involving PHMB were washed in concentrated nitric acid, rinsed twice in distilled water, air-dried, rinsed with 2 % dimethyldichlorosilane in 1,1,1-trichloroethane (BDH), dried, baked at 130 uC and then rinsed three times in distilled water.
PHMB. PHMB, kindly provided by Avecia (Manchester, UK), was a mixture of homologues with n ranging from 2 to 15 and with a mean value of 5?5. Transcriptional profiling of E. coli using macroarrays.
Samples of cell culture (1 ml) were used to isolate total RNA using an RNeasy miniprep kit (Qiagen) according to the manufacturer's instructions. RNA was eluted in RNase-free water (Sigma). The RNA concentration was determined from A 260 . The C-terminal primer set comprising 4290 ORF-specific C-terminal primers (SigmaGenosys) was used to generate hybridization probes in a standard first-strand cDNA synthesis. The Sigma-Genosys protocol was used to achieve >60 Hybridization of cDNAs to Panorama E. coli gene arrays (SigmaGenosys) and subsequent washing steps were carried out according to the manufacturer's instructions. Images representing the localization of hybridized probes were captured on a Personal Imager FX (Bio-Rad) using the PC-based Quantity One software. Arrays were stripped for reuse by washing at 100 uC with stripping solution as specified by the manufacturer.
Spot intensities on a given array were normalized by calculation of the intensity of each as a fraction of the total intensity of all spots taken together. The normalized intensities for each ORF in test (PHMBexposed) and control (unexposed) arrays were compared and the induction ratios (normalized intensity of test relative to that of the control) were calculated. Genes were considered to exhibit significantly changed expression if the log 10 (induction ratio) was greater than 2 SD from the mean of the log 10 (induction ratio) for all spots, in three separate experiments. Data are presented as fold-change of test and control (higher value divided by the lower) with positive and negative signs indicating induction and repression by PHMB, respectively. Original data have been deposited at the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/projects/ geo/index.cgi), accession number GSE2827.
MIC. E. coli strains were assessed for tolerance to PHMB by growth in the presence of increasing concentration of PHMB to determine the MIC. They were grown for 18 h in LB broth (5 ml, containing additions where appropriate, e.g. IPTG). Each culture was diluted in fresh LB broth (containing additions where appropriate) to an optical attenuance of precisely 0?100, then 145 ml aliquots were dispensed into 96-well micro-titre plates containing PHMB (5 ml per well) to give final concentrations ranging from 1?25 to 6?75 mg l 
RESULTS

Effect of PHMB on the growth of E. coli
At all concentrations tested (2?5-15 mg l 21 ), addition of PHMB altered the growth characteristics of E. coli (Fig. 1) . Concentrations ¢10 mg l 21 were bactericidal. The addition of 7?5 mg PHMB l 21 at D 600~0 ?3 caused a temporary cessation in growth lasting approximately 4-5 h, after which growth resumed. The effect of the addition of 7?5 mg PHMB l 21 to rapidly growing early exponential E. coli cultures on the shape of the growth curve was reproducible (see Figs 1 and 2) and this system was used as the basis for further experiments.
DNA macroarray-based global transcription profiling of E. coli in response to PHMB treatment
The comparison between point A and point B (Fig. 2 ) was used to examine the initial response to PHMB exposure. RNA yields from the cultures at these points were approximately 1 mg (ml culture)
21
. Genes of known function with significantly altered expression profiles are listed in Table 3 (a), classified according to the latest known functional assignments (http://genprotec.mbl.edu/ and Serres et al., 2004) . Genes in known operons or possible operons are grouped together regardless of functional category. Genes of no known function (Table 3b) accounted for approximately half of those whose expression was altered immediately upon exposure to PHMB. The overwhelming majority of these were elevated in expression, and putative functions assigned to their protein products include transcriptional regulators and membrane proteins. Overall, upon exposure to PHMB, 71 genes were induced and 12 repressed significantly (Table 3) .
PHMB-phenotype of knockout mutants and overexpression strains
Where possible, knockout strains were obtained for genes showing significant changes in transcript abundance and the deletion mutants tested for PHMB tolerance by determination of MIC. MICs were determined for the knockout strain itself (i.e. MG1655 DxxxX), an overexpression strain (i.e. MG1655 pMJA-xxxX) and a complement of the knockout strain (i.e. MG1655 DxxxX pMJA-xxxX). The results of these MIC measurements are shown in Table 4 .
DISCUSSION Outer membrane
In the outer membrane PHMB was hitherto thought to interact primarily with LPS and to have a negligible interaction with proteins (Gilbert et al., 1990a) . However, several genes associated with outer-membrane components (Oantigen, Rhs elements, flagella, fimbriae) were induced by exposure to PHMB, as now described.
Five genes that are either definitely (rfaL, yefI, rfc, rfbX, Table 3a ) or putatively (htrL , Table 3b ) involved in the synthesis and processing of the O-antigen, were induced immediately after exposure to PHMB. These five genes are part of the rfb (O-antigen) gene cluster (b2032, b2035, b2037) and rfa (LPS core) gene cluster (b3622, b3618), respectively, and it is possible that other members of the clusters were induced, but missed in this analysis. Since rfbX and htrL are involved in O-antigen biosynthesis and E. coli does not express a functional O-antigen, the biological significance of these results remains unclear.
The genes encoding two lipid-anchored outer-membrane proteins, OsmB and VacJ, were also induced on exposure to PHMB (Table 3a) . The osmB knockout strain was slightly more resistant to PHMB than the wild-type strain. However, complementation of osmB in this knockout strain, and overexpression in the wild-type, led to strong resistance (Table 4) . Indeed, overexpression of osmB in the wild-type gave an MIC value more than twice that of the wild-type. OsmB is a multi-stress-responsive lipoprotein, being both osmotically inducible and regulated by RpoS to appear in stationary phase (Jung et al., 1990) , and also under the control of a second independent regulatory system RcsCDB (Boulanger et al., 2005) . This system is activated by environmental conditions that have the common consequence that they alter the envelope composition and/or topology, leading to the suggestion that perturbations in the cell envelope might be the inducing signal recognized by the RcsC sensor (Gottesman, 1995) . Interestingly, cells express specific RcsCB-regulated genes in order to cope with the stress induced by chlorpromazine (Conter et al., 2002) , which, like PHMB, is a cationic amphipathic molecule that ) was added to the test culture at point P (2?5 h). RNA samples were isolated from unexposed exponentially growing E. coli (point A) and from PHMB-exposed E. coli (point B) at the same culture age (3?75 h). It should be noted that error bars are included (2 SD, n=3 culture vessels); however, most errors are too small to see. ; $, 5 mg l "1 ; m, 7?5 mg l "1 ; n, 10 mg l "1 ; e, 12?5 mg l "1 ; %, 15 mg l "1 .
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On: Thu, 03 Jan 2019 03:04:43 damages bacterial membranes (Silva et al., 1979) . Thus the altered expression of osmB observed after exposure to PHMB is most easily attributed to cell envelope perturbation although, in the absence of data showing changes in either RpoS or RscCDB, the enforced entry into the stationary phase may also be a factor. 
Rhs elements
Exposure to PHMB caused rapid and strong induction of rhsD (40?0), rhsE (16?1) and rhsB (14?3) together with a number of associated genes downstream from each of these (Table 3) . Of the remaining two Rhs elements, expression of rhsA was unaffected and rhsC was significantly upregulated in two of the three replicate experiments (data not shown). However, PHMB also induced additional genes yibJ (b3595) and ybfD (b0706) located downstream from rhsA (b3593) and rhsC (b0700), respectively (Table 3) , perhaps suggesting that all five elements were induced in response to the presence of PHMB. Because these rhsABCDE genes have similar sequences, cross-hybridization artefacts might account for some of the observed signals. However, because PHMB also induced the associated downstream genes that show little or no sequence similarity to each other or the rhs genes themselves, it is likely that the signals for the latter are true positives.
The function of the Rhs elements (first identified as being recombinational hot spots) has remained elusive since their discovery over 20 years ago (Lin et al., 1984) . They are not essential but are conserved among E. coli strains. Hitherto, attempts to express them under laboratory conditions have failed, so the discovery of induction by exposure to PHMB is both remarkable and a potentially important step in the elucidation of gene function. The rhs core ORF (~3?71 kb) contains a peptide motif xxGxxRYxYDxxGRL(I or T)xxxx that is repeated 28 times. Hill et al. (1994) suggested that these are cell-surface ligand-binding proteins, based on similarity with the Bacillus WapA (wall-associated protein) gene sequence (Foster, 1993) , and that the downstream ORFs associated with the rhs core ORFs may play roles in the transport and processing of the core ORFs (which lack obvious signal sequences).
Overexpression of the core rhsB or rhsD in the wild-type led to increased PHMB resistance (Table 4) , consistent with their strong induction in the wild-type on exposure to PHMB and possibly indicative of a protective role. Overexpression of rhsA or rhsC caused no change in PHMB 2 2 2 yhaB sensitivity (data not shown), consistent with our observation that PHMB failed to induce these genes. Overexpression of rhsE was anomalous in producing little change, despite its strong induction by PHMB. However, absence of a strong phenotype in the overexpressing strain is consistent with the notion that rhsE is the only Rhs element that is 'non-functional' in E. coli K-12 (Sadosky et al., 1991; Wang et al., 1998) . The absence of a clear pattern of PHMB resistance among strains overexpressing rhs genes and downstream ORFs confounds unequivocal interpretation of their role in PHMB resistance. Nevertheless, induction of these large putative cell-surface proteins could provide a physical barrier preventing PHMB from interacting directly with LPS in the outer membrane. Alternatively, these anionic proteins [theoretical pI 6?21, with excess of Glu and Asp residues (totalling 185) over Arg and Lys (totalling 139)] may possibly be released into the growth medium, perhaps sequestering the cationic PHMB, and indeed it has been suggested that the homologous WapA may actually be clipped from the membrane and secreted (Foster, 1993) . Based on their possible cell-surface location (Hill et al., 1994) , these Rhs proteins could also play a role in cellular aggregation, thus reducing PHMB exposure by reducing the area of exposed cell surface (see below).
Flagella, fimbriae and pili
Exposure to PHMB caused induction of hypothetical pilusassembly genes yadC and yehC (Table 3a) , a putative adhesion gene ycgV and, downstream, a putative GTP-binding pilus chaperone ychF (Table 3b) . At the same time, the flagella-associated genes flgE and flgJ were down-regulated. The latter are members of a flagella-associated operon that includes flgBCDEFGHIJKL. It is likely that all of the operon has had a decrease in expression after exposure to PHMB, but that only flgE and flgJ have been identified as being significantly altered. Reasons for this could include variation in transcript stability, primer efficiency in the reverse transcription step and hybridization. Pili are known to be used as adherence factors (Low et al., 1987) and to link cells to form aggregates (when they become fimbriae). Thus the switch in production from flagella to pili is consistent with cell aggregation as a response to PHMB exposure. Cellular self-association mediated by pili might protect the innermost cells from PHMB until further changes in gene expression allow cells to recover and grow in the presence of PHMB. The observed rapid decrease in culture attenuance after challenge with higher concentrations of PHMB (Fig. 1) is consistent with cell-cell aggregation.
A flgJ knockout strain was slightly more resistant to PHMB in comparison with the wild-type strain. Overexpression of flgJ in this knockout (but not in the wild-type) strain led to PHMB sensitivity. FlgJ is bifunctional, containing a Cterminal muramidase to degrade peptidoglycan at the site of flagellum formation (Nambu et al., 1999) and a putative flagellar motor rod-capping role (Hirano et al., 2001) . FlgJ, through its muramidase activity, is responsible for the hydrolysis of the peptidoglycan in the periplasm, creating space for the rod assembly to penetrate. Presumably, overexpression of flgJ would increase the rate of breakdown of peptidoglycan in the periplasm, thus allowing PHMB easier access to the cytoplasmic membrane. The resistance of the flgJ knockout strain could therefore arise from diminished breakdown of peptidoglycan.
Periplasm
Although PHMB needs to traverse the periplasmic space en route to the cytoplasmic membrane, relatively few periplasmic-protein-encoding genes were changed in response to the presence of PHMB. Exposure to PHMB induced the periplasmic repressor of the Cpx regulon (CpxP) approximately 20-fold and, in keeping with its repressor function, no other members appeared to be induced. However the cpx system is complex and cpxP itself serves more than one function. The system is activated by misfolded periplasmic proteins and controls not only a stress response but also the assembly of pili. CpxP is a feedback repressor of the cpx pathway, dependent for its activity on the presence of the two-component sensor-kinase, CpxA. The ability to autoactivate and then subsequently repress the cpx pathway is believed (Raivio et al., 1999) to allow for a temporary amplification of the Cpx response that may be important in rescuing cells from transitory stresses, as is the present case with sublethal exposure to PHMB. CpxP is also a periplasmic chaperone (DiGiuseppe & Silhavy, 2003; Duguay & Silhavy, 2004) known to bind to misfolded pilus subunits (Hung et al., 2001 ) and it could be induced directly in response to damage to pili caused by PHMB.
The hdeB gene in the hdeAB operon was down-regulated around 15-fold immediately after exposure to PHMB (hdeA was down-regulated approximately eightfold initially, but only significantly in two of three experiments). These genes are linked to acid resistance and may act as chaperones by preventing the aggregation of denatured proteins and thus may also act in a similar fashion in response to the chaotropic action of PHMB.
The alterations in expression of genes encoding periplasmic proteins would be expected to be much greater if extensive damage to the contents of the periplasm was occurring. This relative stability in gene expression therefore suggests that the route to the cytoplasmic membrane by PHMB is direct and that it has very little interaction with the contents of the periplasm.
Cytoplasmic membrane
Many genes involved in transport/binding functions of the cytoplasmic membrane were altered in response to PHMB, in particular those involved in sugar transport. Exposure to PHMB caused rbsD to become down-regulated immediately 12-fold. RbsD is involved in the high-affinity transport of ribose. The gat operon, involved in the galactitol-specific phosphotransferase system, was also down-regulated on PHMB exposure. In experiments over a longer time frame in which comparison of unexposed with exposed-recovered cells was made (data not shown), lldP (encoding a lactate permease) was down-regulated approximately sixfold. Shutdown of transport systems when challenged with a toxic substance seems a logical strategy but phenotypic analysis of the few available knockout strains gave no coherent set of results although the tolerance to PHMB was altered in some strains (data not shown).
Central metabolism
Tryptophan deaminase (tnaA) and an associated leader peptide (tnaL) were down-regulated approximately 29-and 34-fold, respectively (Table 2) . Besides an apparent role in alkaline stress (Blankenhorn et al., 1999; Bordi et al., 2003; Stancik et al., 2002; Yohannes et al., 2004) , TnaA converts tryptophan to indole, which is believed to act as a signal molecule (Wang et al., 2001) in the onset of stationary phase (Lacour & Landini, 2004) and as a stimulator of biofilm production (Di Martino et al., 2002 Martino et al., , 2003 . Thus, although PHMB exposure produced an enforced stationary phase, cells did not appear to use the tnaAL pathway to signal the need for biofilm formation.
The aspartase gene (aspA) was down-regulated 22-fold (Table 2) by PHMB exposure, and the corresponding knockout strain was much more resistant than the wildtype (Table 4) . Complementing the knockout with the aspA expression plasmid restored some sensitivity, and overexpression in the wild-type produced hypersensitivity to PHMB. The aspA gene encodes an aspartate ammonia lyase (aspartase) that converts L-aspartate into fumarate and ammonia. The enzyme is repressed when aspartate is needed for other biosynthetic purposes , but under anaerobic conditions the enzyme is induced in order to generate fumarate as an electron acceptor (Bronder et al., 1982) . However, the enzyme is also produced under aerobic conditions, suggesting it has multiple roles (Golby et al., 1998) . Repression of aspA gene expression has also been noted as an initial response in other stressful conditions (e.g. Brocklehurst & Morby, 2000; Polen et al., 2003) and indeed AspA appears to interact with a conserved histidinephosphotransferase domain of a two-component signalling system (Salinas & Contreras, 2003) , suggesting involvement in transcriptional regulation. Nevertheless, although expression of the aspA gene significantly degraded resistance to PHMB, an adequate explanation remains to be found.
Expression of two genes that affect formate metabolism was altered by exposure to PHMB. The frmR (formerly yaiN) gene product, which is a repressor of frmAB that encodes enzymes for oxidation of formaldehyde to formate (Herring & Blattner, 2004) , was markedly induced (41-fold) by PHMB. In addition, pyruvate-formate lyase (pflB) was repressed (Table 3a) . Thus PHMB exposure suppressed formation of formate, which is regarded as a signature molecule in the fermenting E. coli cell (Sawers, 2005) . Formate probably regulates the hyf operon encoding a respiration-linked proton-translocating formate hydrogen lyase that generates dihydrogen from formate under anaerobic conditions (Andrews et al., 1997) . These results, together with the strong suppression of aspartase, suggest that part of the response to PHMB is to deny the cells any opportunity to switch to anaerobic metabolism.
It is possible that the repression of tnaA and aspA serves as an indirect response to preserve amino acids needed to replace proteins damaged by exposure to PHMB. This is consistent with the observed induction of the transcriptional master regulator of sulphur assimilation into cysteine, cysB, and its associated accessory element cbl (induced approximately 8-and 12-fold, respectively).
DNA-binding proteins
PHMB altered the expression of several genes encoding DNA-binding proteins, other than specific transcriptional regulators. For example, transcripts for recA, xseA (an exodeoxyribonuclease) and stpA [a H-NS homologue and potential H-NS chaperone (Dorman & Deighan, 2003)] were induced approximately seven-, seven-and ninefold, respectively, immediately after exposure to PHMB. Overexpression of stpA (encoding a chaperone and homologue of H-NS, the histone-like nucleoid structuring protein) increased the sensitivity to PHMB; a knockout strain was unavailable for assay. Given the strong sequence similarity between StpA and H-NS but their distinct expression patterns (Dorman et al., 1999) , we also assessed the PHMB tolerance of strains expressing hns variably. Interestingly, resistance to PHMB was lost in an hns knockout strain, partially regained in the complemented knockout, and enhanced (compared to the wild-type) in the overexpressing strain. Thus PHMB tolerance in E. coli was directly correlated with the level of H-NS expression. Because H-NS globally represses many unrelated genes (Lammi et al., 1984) , the apparent sensitivity in the hns knockout strain could be caused by a deregulation of H-NS-regulated genes, but it could also be caused by a change in DNA structure. H-NS regulates by binding to at least two patches of curved DNA to create loops in which RNA polymerase is trapped (Dorman, 2004; Dorman & Deighan, 2003) . Moreover, the smallest functional units are dimers which may oligomerize and effectively cross-link adjacent DNA segments of DNA through an oligomeric matrix of H-NS (Dorman, 2004) . This process could have a direct protective role against PHMB, because the latter is also known to interact strongly and cooperatively with DNA to create cross-links (Allen et al., 2004) and thus potentially to interfere with DNAmetabolism (replication, repair, transcription, etc.). Competitive binding by H-NS would mitigate against such adverse effects of PHMB.
The regulatory networks in E. coli are highly integrated and complex, and rarely, if ever, rely on a single regulator in response to stress. Indeed, Table 3 shows that several other known or putative transcriptional regulators (e.g. hha, ybcM, tdcR, cysB, cbl) are induced by PHMB and their binding to DNA may also contribute to a DNA-shielding effect. That stpA and hns give opposing PHMB tolerance phenotypes when expressed in wild-type E. coli provides additional evidence for the difference in biological role of the stpA and hns gene products.
The recA knockout was sensitive to PHMB and complementation of recA in this knockout strain led to modest PHMB resistance. Overexpression of recA in the wild-type strain led to a stronger resistance to PHMB. If PHMB is indeed gaining access to the cytoplasm and interacting with genomic DNA (Allen et al., 2004) , the induction of RecA could either help to repair the damage effected by PHMB, or be part of a damage signal that leads to other events affecting the phenotype, or contribute to an increased capacity to generate diversity (cf. ycgW below). (Table 3b ) is a part of the SOS response to damaged DNA and part of the entry into stationary phase (Lomba et al., 1997; Oh & Kim, 1999) . A yebG knockout strain showed no difference to the wild-type in sensitivity to PHMB but the complemented knockout strain became slightly more resistant and overexpression in the wild-type strain produced strong resistance. Induction of yebG by PHMB may therefore be a response either to DNA damage or the entry to an enforced stationary (bacteriostatic) phase. Although the transcriptional control of yebG is partly characterized (it is dependent on H-NS and cAMP, but does not require RpoS), no biological function has been found, to date, for YebG (Oh & Kim, 1999) .
Expression of yebG
Potential mutator gene
The ycgW gene, which was strongly induced by PHMB (Table 3) , was previously isolated in a screen for mutator function (Yang et al., 2004) . Mutator cells can have increased fitness, and are selected during exposure to fluctuating environments (see Wright, 2004, for review) . Conversely, the overexpression of a mutator (i.e. from a high-copy plasmid) would probably be detrimental to the cell if it conferred too great a mutational load, and this may explain the lesser tolerance seen to PHMB in ycgWexpressing cells (Table 4) .
The global response of E. coli to PHMB
In terms of cellular location, E. coli responded to bacteriostatic levels of PHMB by altering the expression of many genes functioning at all levels of cell ultrastructure, i.e. the outer membrane, periplasm, inner membrane and cytoplasmic domains. On the other hand, some of the transcriptional changes were clustered around relatively few specific aspects of cell physiology. First, genes associated with stresses including acid resistance, alkali resistance, osmotic shock and cell-envelope perturbation were altered in expression alongside the controlling factors of the Evg and Cpx response systems. These systems are all involved with sensing and responding to environmental insults that affect the outer membrane, periplasm and cytoplasmic membrane. Since PHMB interacts initially with this cell envelope, the induction of members of these systems is not surprising. Second, several transcriptional changes (loss of flagella, pilus formation, cpx-mediated repair to pili) point towards cell-cell aggregation as a strategy to minimize exposure of cell surface to PHMB. This hypothesis is in keeping with observations that E. coli MG1655 cells, when viewed by light microscopy, both aggregate and elongate on exposure to PHMB at the same concentrations as used in the transcript profiling above (data not shown). The third and most novel and intriguing feature of transcript profiles was the induction of the s H (heat shock) response, SOS (DNA damage) response and other DNA metabolism-associated genes, which implied that significant damage was occurring to DNA in the cytoplasm. Although this would be almost predictable at bactericidal levels of PHMB (when severe disruption of the inner membrane is thought to occur), these experiments were performed at bacteriostatic levels of PHMB from which the cells, shortly after, recover. These findings led us to expand the theory for the PHMB mechanism of action, as discussed below.
Despite these rationalizations in terms of stress response, aggregation, and DNA-damage limitation, much of the E. coli response could not be interpreted as clearly. For example, lipopolysaccharide is thought to be an important exclusion barrier against PHMB, but relatively few genes associated with LPS metabolism were transcriptionally altered. Those that were affected are mostly involved in the synthesis of the O-antigen (a polysaccharide attached to the lipid core of a LPS). However, the O-antigen is not thought to be functional in K-12 strains of E. coli. Furthermore, the physiological reasons behind the strong induction of the Rhs elements still remain to be elucidated. Since their discovery, the function of the Rhs elements has remained elusive, particularly because no conditions have previously been found that lead to their induction.
A new theory for the PHMB mechanism of action
Recently we demonstrated a strong cooperative binding between PHMB and DNA, leading to co-precipitation in vitro (Allen et al., 2004) . This discovery, taken together with the present results, indicates that the critical factor underlying the different effects at bacteriostatic and bactericidal levels of PHMB may not be the ability to disrupt the inner membrane (as previously thought), but the direct interaction between PHMB and genomic DNA. At lower (bacteriostatic) concentrations, the damage caused by the interaction between PHMB and DNA could be tolerable and even repairable. Since binding is highly cooperative, small increases in PHMB concentrations can cause a massive increase in perturbation of DNA function and/or precipitation, thus leading to cell death. This could account for the dose dependence observed by Broxton et al. (1983) and Davies et al. (1968) and the aggregation of phosphorus near the cell wall in PHMB-treated Acanthamoeba (Khunkitti et al., 1998) , and could help explain the rapid switch, over a small concentration range, between bacteriostatic and bactericidal levels seen in this study (Fig. 1) . This theory also underpins the central feature that allows widespread use of PHMB as a disinfectant, namely that it has very low mammalian toxicity and that eukaryotes tested tend to have higher MICs than prokaryotes. In eukaryotic cells, the much more extensive compartmentation of genomic DNA and the presence of internal structures are further barriers blocking the direct interaction between PHMB and DNA.
